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Abstract A search for a heavy neutral Higgs boson, A,
decaying into a Z boson and another heavy Higgs boson,
H , is performed using a data sample corresponding to an
integrated luminosity of 139 fb−1 from proton–proton colli-
sions at
√
s = 13 TeV recorded by the ATLAS detector at
the LHC. The search considers the Z boson decaying into
electrons or muons and the H boson into a pair of b-quarks
or W bosons. The mass range considered is 230–800 GeV
for the A boson and 130–700 GeV for the H boson. The data
are in good agreement with the background predicted by the
Standard Model, and therefore 95% confidence-level upper
limits for σ × B(A → ZH) × B(H → bb or H → WW )
are set. The upper limits are in the range 0.0062–0.380 pb
for the H → bb channel and in the range 0.023–8.9 pb for
the H → WW channel. An interpretation of the results in
the context of two-Higgs-doublet models is also given.
1 Introduction
After the discovery of a Higgs boson at the Large Hadron Col-
lider (LHC) [1,2], detailed measurements of its properties [3–
10] have shown excellent compatibility with the Standard
Model (SM) Higgs boson [11–16]. These results indicate
that the scalar sector of the theory of the electroweak inter-
action contains at least a doublet of complex scalar fields. In
addition, they constrain the possibilities for additional spin-0
field content in the theory and disfavour parts of the parameter
space in models with extended Higgs sectors. These results,
however, still allow several extensions of the Higgs sector,
such as the two-Higgs-doublet model (2HDM) [17,18], in
which large parts of the parameter space are compatible with
the existence of a Higgs boson like the one in the SM. In
the 2HDM, a second complex doublet of the Higgs fields is
added to the single SM Higgs doublet. The model has a weak
decoupling limit [19] in which one of its predicted Higgs
 e-mail: atlas.publications@cern.ch
bosons has couplings to fermions and vector bosons that are
the same as those of the SM Higgs boson at lowest order. In
addition, a Higgs sector structure with two complex doublets
of fields appears in several new physics scenarios, including
supersymmetry [20], dark-matter models [21], axion mod-
els [22], electroweak baryogenesis [23] and neutrino mass
models [24].
The addition of a second Higgs doublet leads to five
Higgs bosons after electroweak symmetry breaking. The phe-
nomenology of such a model is very rich and depends on
many parameters, such as the ratio of the vacuum expecta-
tion values of the two Higgs doublets (tan β) and the Yukawa
couplings of the scalar sector [18]. When CP conservation
is assumed, the model contains two CP-even Higgs bosons,
h and H with mH > mh , one that is CP-odd, A, and
two charged scalars, H±. There have been many searches
for a CP-even Higgs boson at the LHC, in channels that
include H → WW/Z Z [25–30] and H → hh [31,32],
as well as dedicated searches for the heavy CP-odd Higgs
boson, as in the A → Zh channel [33,34]. Some 2HDM
searches are agnostic with respect to whether the heavy Higgs
bosons are CP-even or CP-odd, for example searches in the
A/H → ττ/bb1 channels [35–37]. In the interpretation of
this last category of channels it is usually assumed that both
heavy Higgs bosons are degenerate in mass, a hypothesis that
is motivated in certain supersymmetric models [20]. Finally,
there have been searches for signatures that explicitly assume
different masses for the heavy Higgs bosons, for example
searches in the A → ZH → bb/ττ channels [38–40].
The case in which the heavy Higgs bosons have differ-
ent masses, in addition to being in an allowed part of the
parameter space, is further motivated by electroweak baryo-
genesis scenarios in the context of the 2HDM [41–44]. For
2HDM electroweak baryogenesis to occur, the requirement
mA > mH is favoured [41] for a strong first-order phase tran-
1 To simplify the notation, antiparticles are not explicitly labelled in
this paper.
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Fig. 1 Example lowest-order Feynman diagrams for a gluon–gluon fusion production of A bosons decaying into ZH → bb, b b-associated
production of A bosons decaying into ZH → bb, and c gluon–gluon fusion production of A boson decaying into ZH → WW
sition to take place in the early universe. The A boson mass
is also constrained to be less than approximately 800 GeV,
whereas the lighter CP-even Higgs boson, h, is required to
have properties similar to those of a SM Higgs boson and is
assumed to be the Higgs boson with a mass of 125 GeV that
was discovered at the LHC [41]. Under such conditions and
for large parts of the 2HDM parameter space, the CP-odd
Higgs boson, A, decays into ZH [41,45]. At the LHC, the
production of the A boson in the relevant 2HDM parameter
space proceeds mainly through gluon–gluon fusion and in
association with b-quarks (b-associated production).
This search for A → ZH decays uses proton–proton col-
lision data at
√
s = 13 TeV corresponding to an integrated
luminosity of 139 fb−1 recorded by the ATLAS detector at
the LHC. The search considers Z → , where  = e, μ, to
take advantage of the clean leptonic final state. The H boson
is studied in the H → bb and H → WW decay channels.
The H → bb channel takes advantage of the high branching
ratio in large parts of the 2HDM parameter space, especially
in the weak decoupling limit, where the H boson decays
into weak vector bosons are suppressed. The H → WW
decay channel is considered in the case where both W bosons
decay hadronically. This heavy Higgs boson decay is domi-
nant in parts of the 2HDM parameter space close to, but not
exactly at, the weak decoupling limit [41] and it provides a
new way to look for WW resonances in a final state that
has been less explored by other LHC searches. Both final
states considered allow full reconstruction of the A boson’s
decay kinematics. This search considers both the gluon–
gluon fusion (see Fig. 1a) and b-associated production mech-
anisms (see Fig. 1b) for the A → ZH → bb channel. The
b-associated production mode of the A → ZH → WW
channel is theoretically allowed, but leads to more compli-
cated jet combinatorics and would necessitate changing the
event reconstruction strategy. For this reason, only the gluon–
gluon fusion production mode (see Fig. 1c) is considered
here.
This article is organised as follows. Section 2 introduces
the ATLAS detector. A description of the collision and simu-
lated data samples used in this article is given in Sect. 3. The
algorithms used to reconstruct the objects used in this search
are described in Sect. 4. The event selection and background
estimates for the two channels considered and the modelling
of the signal are discussed in Sects. 5 and 6, respectively.
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Section 7 is devoted to the description of the systematic
uncertainties. The results are discussed in Sect. 8 and the
conclusions are given in Sect. 9.
2 ATLAS detector
The ATLAS experiment [46] at the LHC is a general-
purpose particle detector with cylindrical geometry and
forward–backward symmetry. It includes an inner-detector
tracker surrounded by a 2 T superconducting solenoid,
electromagnetic and hadronic calorimeters, and a muon
spectrometer with a toroidal magnetic field. The inner
detector consists of a high-granularity silicon pixel detec-
tor, including the insertable B-layer [47,48], a silicon
microstrip tracker, and a straw-tube tracker. It provides
precision tracking of charged particles with pseudorapid-
ity |η| < 2.5.2 The calorimeter system covers the pseu-
dorapidity range |η| < 4.9. It is composed of sampling
calorimeters with either lead/liquid-argon, steel/scintillator-
tiles, copper/liquid-argon or tungsten/liquid-argon as the
absorber/sensitive material. The muon spectrometer pro-
vides muon identification and momentum measurement for
|η| < 2.7. A two-level trigger system [49] is employed to
select events to be recorded at an average rate of about 1 kHz
for offline analysis.
3 Data and simulated event samples
The data used in this search were collected between 2015 and
2018 from
√
s = 13 TeV proton–proton collisions and corre-
spond to an integrated luminosity of 139 fb−1 [50–53], which
includes only data-taking periods where all relevant detec-
tor subsystems were operational [54]. The data sample was
collected using a set of single-muon [55] and single-electron
triggers [56]. The single-muon triggers had pT thresholds
in the range of 20–26 GeV for isolated muons and 50 GeV
for muons without any isolation requirement. The single-
electron triggers employed a range of pT thresholds in the
range 24–300 GeV and a combination of quality and isola-
tion requirements depending on the data-taking period and
the pT threshold.
Simulated signal events with A bosons produced by
gluon–gluon fusion were generated at leading order (LO)
2 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the IP to the centre of the
LHC ring, and the y-axis points upward. Cylindrical coordinates (r ,φ)
are used in the transverse plane, φ being the azimuthal angle around the
beam pipe. The pseudorapidity is defined in terms of the polar angle,
θ , as η = − ln tan(θ/2). Transverse momenta are computed from the
three-momenta, p, as pT = | p| sin θ .
withMadGraph5_aMC@NLO 2.3.3 [57,58], usingPythia
8.210 [59] with a set of tuned parameters called the A14
tune [60] for parton showering. The decays of H → bb
and WW were considered. Additionally, in the A →
ZH → bb channel, A bosons produced in associa-
tion with b-quarks were generated at next-to-leading-order
(NLO) withMadGraph5_aMC@NLO 2.1.2 [58,61,62] fol-
lowing Ref. [63] together with Pythia 8.212 and the A14
tune for parton showering. The gluon–gluon fusion pro-
duction used NNPDF2.3lo [64] as the parton distribution
functions (PDFs), while the b-associated production used
CT10nlo_nf4 [65]. The signal samples were generated
for A bosons with masses in the range of 230–800 GeV
(300–800 GeV) and widths up to 20% of the A mass, and
for narrow-width H bosons with masses in the range of 130–
700 GeV (200–700 GeV) for the bb (WW ) channel.
Background events from the production of W and Z
bosons in association with jets were simulated with Sherpa
v2.2.1 [66] using NLO matrix elements (ME) for up to two
partons, and LO matrix elements for up to four partons calcu-
lated with the Comix [67] and OpenLoops [68,69] libraries.
They were matched with the Sherpa parton shower [70]
using the MEPS@NLO prescription [71–74] using the set
of tuned parameters developed by the Sherpa authors. The
NNPDF3.0nnlo set of PDFs [75] was used and the samples
were normalised to a next-to-next-to-leading-order (NNLO)
prediction [76]. Production of WW , Z Z and WZ pairs was
simulated using the same generator and parameters as for the
W and Z boson samples.
The production of t t̄ events was modelled using the
Powheg -BOXv2 [77–80] generator at NLO with the
NNPDF3.0nlo [75] PDF set and the hdamp parameter3 set
to 1.5 mtop [81]. The events were interfaced to Pythia 8.230
to model the parton shower, hadronisation and underly-
ing event, with parameters set according to the A14 tune
and using the NNPDF2.3lo set of PDFs. The decays
of bottom and charm hadrons were performed by Evt-
Gen v1.6.0 [82]. The associated production of a single-top
quark and W boson (tW ) and single-top production in the
s-channel were modelled using the Powheg-BOXv2 [78–
80,83,84] generator at NLO in QCD using the five-flavour
scheme and the NNPDF3.0nlo set of PDFs. The dia-
gram removal scheme [85] was used to remove interfer-
ence and overlap with t t̄ production in the case of tW
production. The production of t t̄V events was modelled
using the MadGraph5_aMC@NLO v2.3.3 generator at
NLO with the NNPDF3.0nlo PDF set. The events were
interfaced to Pythia 8.210 using the A14 tune and the
3 The hdamp parameter is a resummation damping factor and one of the
parameters that controls the matching of Powheg matrix elements to
the parton shower and thus effectively regulates the high-pT radiation
against which the t t̄ system recoils.
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NNPDF2.3lo PDF set. The decays of bottom and charm
hadrons were simulated using the EvtGen v1.2.0 program.
Finally, SM Higgs boson production in association with a
vector boson was simulated using Powheg [78–80,86] and
interfaced with Pythia 8.186 [87] for parton shower and
non-perturbative effects. The Powheg prediction is accurate
to NLO for the Vh boson plus one jet production. The loop-
induced gg → Zh process was generated separately at LO.
The PDF4LHC15 PDF set [88] and the AZNLO tune [89]
of Pythia 8.186 were used. The simulation prediction was
normalised to cross sections calculated at NNLO in QCD
with NLO electroweak corrections for qq̄/qg → Vh and
at NLO and next-to-leading-logarithm accuracy in QCD for
gg → Zh [90–96].
The effect of multiple interactions in the same and neigh-
bouring bunch crossings (pile-up) was modelled by overlay-
ing the original hard-scattering event with simulated inelastic
proton–proton events generated with Pythia 8.186 using the
NNPDF2.3lo set of PDFs and the A3 tune [97]. The sim-
ulated events were weighted to reproduce the distribution of
the average number of interactions per bunch crossing (〈μ〉)
observed in the data. The 〈μ〉 value in the simulation was
rescaled by a factor of 1.03 ± 0.07 to improve agreement
between data and simulation in the visible inelastic proton–
proton cross section [98]. All generated background samples
were passed through the Geant4-based [99] detector simu-
lation [100] of the ATLAS detector. The ATLFAST-II simu-
lation [100] was used for the signal samples to allow for the
generation of many different A and H boson masses. The
simulated events were reconstructed in the same way as the
data.
4 Object reconstruction
Selected events are required to contain at least one vertex hav-
ing at least two associated tracks with pT > 500 MeV, and
the primary vertex is chosen to be the vertex reconstructed
with the largest 
p2T of its associated tracks.
Electrons are reconstructed from energy clusters in the
electromagnetic calorimeter that are matched to tracks in
the inner detector [101]. Electrons are required to have
|η| < 2.47 and pT > 7 GeV. The associated track must have
|d0|/σd0 < 5 and |z0| sin θ < 0.5 mm, where d0 (z0) is the
transverse (longitudinal) impact parameter relative to the pri-
mary vertex and σd0 is the error in d0. To distinguish electrons
from jets, isolation and quality requirements are applied. The
quality requirements refer to both the inner detector track and
the calorimeter shower shape. The isolation requirements are
defined using tracking and calorimeter measurements. Elec-
trons used in this search satisfy the ‘Loose’ quality and iso-
lation requirements.
Muons are reconstructed by matching tracks reconstructed
in the inner detector to tracks or track segments in the muon
spectrometer [102]. Muons used for this search must have
|η| < 2.5, pT > 7 GeV, |d0|/σd0 < 3, and |z0| sin θ <
0.5 mm. They are also required to satisfy ‘Loose’ isolation
requirements, similar to those used for electrons, as well as
‘Loose’ quality criteria for tracks in the inner detector and
muon spectrometer [103].
Jets are reconstructed from topological clusters in the
calorimeter system [104], using the anti-kt algorithm [105,
106] with radius parameter R = 0.4. Candidate jets are
required to have pT > 20 GeV (pT > 30 GeV) for
|η| < 2.5 (2.5 < |η| < 4.5) [107]. Low-pT jets from pile-
up are rejected by a multivariate algorithm that uses prop-
erties of the reconstructed tracks in the event for jets with
pT < 60 GeVand |η| < 2.4 [108].
Jets containing b-hadrons are identified using a multivari-
ate tagging algorithm (b-tagging) [109,110], which makes
use of track impact parameters and reconstructed secondary
vertices. The b-tagging algorithm output is used to define a
criterion to select jets originating from b-quark hadronisa-
tion for jets with |η| < 2.5. The jets that are selected in this
way are referred to as b-jets in the following. The criterion in
use has an average efficiency of 70% for jets from b-quarks
in simulated t t̄ events, with rejection factors of 8.9, 36 and
300 for jets initiated by c-quarks, hadronically decaying τ -
leptons and light-flavour quarks or gluons, respectively [110].
Electrons, muons and jets are reconstructed and identified
independently. When those objects are spatially close, these
algorithms can lead to ambiguous identifications. An over-
lap removal procedure [111] is therefore applied to remove
ambiguities.
The missing transverse momentum, whose magnitude is
denoted by EmissT , is computed as the negative vectorial sum
of the transverse momenta of calibrated leptons and jets, plus
an additional soft term constructed from all tracks that origi-
nate from the primary vertex but are not associated with any
identified lepton or jet [112,113].
5 Event selection and background estimation
The final states for the A → ZH →  bb/WW decays
feature a pair of oppositely charged, same-flavour leptons
and either two b-jets or four mostly light-flavour jets from
the W bosons decays. Three resonances can be formed by
combining the selected objects: (i) the Z boson (), (ii) the
H boson (bb or WW → 4 j), and (iii) the A boson (ZH
system).
Events are required to contain exactly two muons or
two electrons. The two muons must have opposite electric
charges. This requirement is not applied to electrons, since
they have a non-negligible charge misidentification rate due
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p2T/mbb distributions shown before the requirement
on this variable is applied for events with a exactly two b-jets and
b three or more b-jets. Corrections from a fit to the data are applied
to the simulation, as described in Sects. 5.1 and 8. The signal distri-
bution for (mA,mH ) = (600, 300) GeV is also shown, and is nor-
malised such that the production cross section times the branching
ratios B(A → ZH) and B(H → bb) corresponds to 1 pb. The
signal shown includes only A bosons produced in association with
b-quarks. The lower panel shows the ratio of the data to the back-
ground prediction (black filled circles) and the relative uncertainty,
which includes both statistical and systematic components, in the back-
ground prediction (hatched area). The notations t tV , VV and Vh refer
to top-pair production in association with a vector boson, diboson pro-
duction and SM Higgs boson production in association with a vec-
tor boson, respectively. The production of a Z boson in association
with jets is split based on jet flavour. The notation Z+(bb,bc,cc,bl)
refers to the case where the jets originate from heavy flavour, which
includes at least one jet originating from ab-quark or two jets originating
from c-quarks, whereas the notation Z+(cl,l) includes all the remaining
cases
to conversions of bremsstrahlung photons. The highest-pT
lepton must satisfy pT > 27 GeV in the bb final state,
to ensure full efficiency of the single-lepton triggers. This
requirement is raised to pT > 30 GeV for the WW final
state. The invariant mass of the lepton pair, m, must be in
the range of 80–100 GeV to be compatible with the mass of
the Z boson.
Further event selection criteria are channel-specific, and
are described separately in the following sections.
5.1 The bb final state
The events that are used for the A → ZH → bb search
are required to have at least two b-jets, with at least one of
them having pT > 45 GeV. The two highest-pT b-jets of
the event form the H → bb system candidate. The A boson
candidate is formed by these two b-jets and, in addition, the
two leptons that are matched to the Z boson.
The requirement of a same-flavour lepton pair along with
several b-jets implies that the signal region is contami-
nated by Z boson production in association with jets and
backgrounds including top quarks, like t t̄ production. The
presence of neutrinos in semileptonic top-pair production
provides a handle to reduce this background by requiring
EmissT /
√
HT < 3.5 GeV1/2, where HT is the scalar sum of the
pT of all jets and leptons in the event. The Z+jets background
is reduced by requiring
√

p2T/mbb > 0.4, where mbb
is the four-body invariant mass of the two-lepton, two-b-jet
system assigned to the A boson candidate and the summa-
tion is performed over the p2T of these objects. This discrim-
inating variable is chosen because the signal distributions
are similar across the two production mechanisms and the
mA and mH range used in the search. The requirement is
optimised separately for each signal hypothesis and, subse-
quently, an average value is chosen. The distribution of the√

p2T/mbb variable is shown in Fig. 2 separately for the
cases where exactly two b-jets and three or more b-jets are
present in the event. The distribution is shown before the√

p2T/mbb > 0.4 requirement is applied.
The two signal production mechanisms, gluon–gluon
fusion and b-associated production, differ mainly in the num-
ber of heavy-flavour jets that are produced in association
with the A boson. This motivates a categorisation based on
the number of b-jets present in the event. In particular, two
categories are defined: the nb = 2 category, which contains
events with exactly two b-jets, and the nb ≥ 3 category,
which contains events with three or more b-jets. For gluon–
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Table 1 Summary of the event selection for signal and control regions in the A → ZH → bb channel
Single-electron or single-muon trigger
Exactly 2 leptons (e or μ) (pT > 7 GeV) with the leading one having pT > 27 GeV
Opposite electric charge for μμ pairs; 80 GeV < m, eμ < 100 GeV,  = e, μ
At least 2 b-jets (pT > 20 GeV) with one of them having pT > 45 GeV
EmissT /
√




nb = 2 category nb ≥ 3 category
Exactly 2 b-tagged jets At least 3 b-tagged jets
Signal region ee or μμ pair ee or μμ pair
0.85 · mH − 20 GeV< mbb < mH +20 GeV 0.85 · mH − 25 GeV< mbb < mH + 50 GeV
Z+jets control region ee or μμ pair ee or μμ pair
mbb < 0.85 · mH − 20 GeV mbb < 0.85 · mH − 25 GeV
or mbb > mH + 20 GeV or mbb > mH + 50 GeV
Top control region eμ pair eμ pair
0.85 · mH − 20 GeV< mbb < mH +20 GeV 0.85 · mH − 25 GeV< mbb < mH +50 GeV
gluon fusion production, more than 95% of the events pass-
ing the above selection fall into the nb = 2 category. For
b-associated production, only 25–35% of the selected events
fall into the nb ≥ 3 category, and the others enter the nb = 2
category. This is because of the relatively soft pT spectrum
of the associated b-jets and the geometric acceptance of the
tracker.
Finally, the invariant mass mbb of the b-jets that are
assigned to the H boson must be compatible with the
assumed H boson mass. This is ensured by requiring mbb to
be within optimised boundaries that depend on the assumed
mH : 0.85 · mH − 20 GeV < mbb < mH + 20 GeV for
the nb = 2 category, and 0.85 · mH − 25 GeV < mbb <
mH + 50 GeV for the nb ≥ 3 category. The wider window
for nb ≥ 3 is motivated by a slightly poorer resolution due to
potential b-jet misassignments. The b-jets that are matched
to the H boson are the highest-pT b-jets in the event and,
hence, in the case of b-associated production, where more b-
jets are present, may not be the ones that actually come from
the H → bb decay. In b-associated production, the fraction
of A bosons for which the correct b-jets are chosen is in the
range 50–90% for the nb ≥ 3 category and is at least 65%
for the nb = 2 category.
The signal efficiency in the nb = 2 category after the
mbb window requirement is 5.1–11% (2.5–6.6%) for gluon–
gluon fusion (b-associated) production, depending on themA
and mH values. Similarly, the efficiency in the nb ≥ 3 cat-
egory after the mbb window requirement is 1.3–3.2% for
b-associated production. The quoted numbers refer to the
efficiencies for A bosons decaying into ZH , with Z →
ee/μμ/ττ and H → bb, to pass the event selection for
each of the categories. The inclusion of Z → ττ in this
definition lowers the quoted signal efficiency because these
decays have a very small efficiency to pass in this selection
(which aims at Z → ee/μμ). The signal region selection is
summarised in Table 1.
The mbb distribution after the mbb requirement is the
final discriminating variable, which is fitted to obtain the
result of the search in this channel. To improve the mbb
resolution, the bb system’s four-momentum components are
scaled to match the assumed H boson mass and the  sys-
tem’s four-momentum components are scaled to match the Z
boson mass. This procedure, performed after the event selec-
tion, improves thembb resolution by a factor of two without
significantly distorting the background distributions, result-
ing in an A boson mass resolution that is at best about 1% and
up to 4% for gluon–gluon fusion, up to 10% for b-associated
production in the nb = 2 category and up to 16% for b-
associated production in the nb ≥ 3 category, depending on
the mA and mH values.
Despite the dedicated selection criteria against Z+jets
and top-quark production, these background processes dom-
inate the signal region: the Z+jets contribution is ∼60–70%
depending on the nb category, while the top-quark contribu-
tion is ∼30–35%. In the nb ≥ 3 category, other processes
(t t̄V , dibosons, Vh) contribute up to ∼5% of the total back-
ground, while their contribution to the nb = 2 category is less
than 1%. The accurate determination of Z+jets and top-quark
contributions is paramount for the sensitivity of this search.
Their estimation employs a combination of data-driven cor-
rections to simulated events.
The most abundant background in this channel is from
Z+jets production. The normalisation of this process is con-
strained by a control region defined by inverting the mbb
window criterion for each H boson mass hypothesis (see
also Table 1). The control regions are distinct for the nb = 2
and nb ≥ 3 categories, since the accuracy of the background
simulation depends on the number of b-jets present in the
event. The modelling of the Z+jets simulated events is exam-
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(a) (b)
Fig. 3 The pT Z distributions for a the nb = 2 and b the nb ≥ 3 category. The events are required to satisfy all the signal region criteria with the
exception of the mbb window requirement. The same conventions as in Fig. 2 are used
ined extensively in a number of kinematic variables, includ-




p2T/mbb distribution. The simulated distributions of
these variables are compared against data in a control region
that requires two jets with exactly one of them being a b-




p2T/mbb requirements. For this early selection
stage, it was verified that even those signals that were already
excluded in Ref. [39] would be washed out by the background
and would not bias the results. These regions are not used in
the likelihood fit described in Sect. 8 and thus they are not
included in Table 1. As a result of these studies, corrections to
the distributions of pT Z , mbb and
√

p2T/mbb in the simu-
lated Z+jets events are applied. The corrections are found to
be uncorrelated and they are applied sequentially. The most
significant effect on the sensitivity of this search (see also
Sect. 7) is due to the corrections to the modelling of the
pT Z distribution, which range from +5 to −10% for most
of the Z+jets events. As an example, Fig. 3 compares the
pT Z distributions in data with the background model after all
corrections used in this search for events that satisfy all the
requirements of the signal region with the exception of the
mbb window requirement, separately for nb = 2 and nb ≥ 3
categories.
Top-quark production is heavily dominated by t t̄ produc-
tion in which both top quarks decay semileptonically. There-
fore, it is possible to define a pure top-quark control region
by keeping the same selection as discussed previously, apart
from an opposite-flavour lepton criterion, i.e. an eμ pair is
required instead of an ee or μμ pair (see also Table 1). This
region is used for top-pair production normalisation, and also
to check that kinematic distributions such as the top-quark
pT spectrum are adequately modelled in simulation. Differ-
ent control regions are used in the nb = 2 and nb ≥ 3
categories. This is because in the nb ≥ 3 category the top-
quark background is dominated by top-quark pair production
in association with jets, which is more difficult to model than
the inclusive top-quark pair production that dominates the
top-quark background in the nb = 2 category. Finally, the
mbb window requirement is also applied to the top-quark
control region, resulting in a separate control region for each
mH hypothesis tested in the search. Good agreement within
uncertainties is observed between data and simulation in the
shape of all variables considered.
Backgrounds from diboson, ’single-top-quark’, and SM
Higgs boson production, as well as t t̄ production in asso-
ciation with a vector boson are minor contributions to the
total background composition. The shapes of their distribu-
tions are taken from simulation, whereas they are normalised
using precise inclusive cross sections calculated from the-
ory. The diboson samples are normalised using NNLO cross
sections [114–117]. Single-top-quark production and top-
quark-pair production in association with vector bosons are
normalised to NLO cross sections from Refs. [118–120] and
Ref. [58], respectively. The normalisation of SM Higgs boson
production in association with a vector boson follows the
recommendations of Ref. [63] using NNLO QCD and NLO
electroweak corrections.
5.2 The WW final state
The decay A → ZH → WW features a pair of electrons
or muons and four jets from the hadronic W boson decays.
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p2T/m24q distribution shown before the requirement
on this variable is applied. Corrections from a fit to the data are applied
to the simulation, as described in Sects. 5.2 and 8. The notation VV in
the legend corresponds to the production of diboson events. The signal
distribution for (mA,mH ) = (600, 300) GeV is also shown, and is
normalised such that the production cross section times the branching
ratios B(A → ZH) and B(H → WW ) corresponds to 1 pb. The lower
panel shows the ratio of the data to the background prediction (black
filled circles) and the relative uncertainty, which includes both statistical
and systematic components, in the background prediction (dashed area)
The selected events are required to have at least four jets
with the highest- and second-highest-pT jets satisfying pT >
40 GeV and pT > 30 GeV, respectively. In addition, the
lowest-pT electrons or muons are required to have pT >
15 GeV.
The selection of the correct jet pairs in the reconstruction
of the two W boson candidates is important for improving
the signal resolution and suppressing backgrounds. For this
task, all possible jet pairs that can be formed by consider-
ing up to the five highest-pT jets in the event are taken into
account. A set of requirements on kinematic variables, such
as the angular distances between the jets within a pair, the jet
transverse momenta and the reconstructed masses of the W ,
H and A boson candidates, is optimised to test the various
combinations for compatibility with the signal hypothesis
so that the signal efficiency and background rejection are
maximised. This procedure results in a signal efficiency that
ranges from 50 to 70% depending on mA and mH , whereas
for background processes the efficiency is about 40%. The
fraction of events in which the correct jet pairs are assigned
to the W boson candidates after this procedure is in the range
from 50 to 70%, depending on the mA and mH values.
The main background in this channel is from the produc-
tion of a Z boson in association with jets. A criterion sim-




p2T/m24q > 0.3, where m24q is the six-body
invariant mass of the two-lepton, four-jet system assigned to
the A boson and the summation is performed over the p2T
of these objects. This discriminating variable is chosen for
the same reasons as in the bb channel and it is optimised
following the same considerations. The distribution of this
variable before the requirement is applied is shown in Fig. 4.
Finally, the invariant mass of the four selected jets, m4q ,
must be compatible with the assumed H boson mass. This is
ensured by requiring m4q to be within optimised boundaries
that depend on mH : mH − 53 GeV < m4q < 0.97 · mH +
54 GeV. After this requirement the signal efficiency for A
bosons decaying into ZH with Z → ee/μμ/ττ and H →
WW → qqqq is 6.5–11%, depending on the mA and mH
values. The signal region selection is summarised in Table 2.
The m24q distribution after the m4q requirement is the
final discriminating variable, which is fitted to obtain the
results of the search in this channel. To improve them24q res-
olution, the four-jet system’s four-momentum components
are scaled to match the assumed H boson mass and the 
system’s four-momentum components are scaled to match
the Z boson mass. The final A boson mass resolution is in
the range from 1% to 17% of mA, depending on the mA and
mH values.
The dominant backgrounds after the event selection
are from Z+jets (∼90% of total background), top-quark
(∼5%), and diboson (∼5%) production. Smaller back-
grounds (W+jets, t t̄h, t t̄V and Vh) contribute less than 1% to
the total background and are not included in the background
composition.
The shape of the Z+jets background is taken from sim-
ulation combined with data-driven corrections, and the nor-
malisation is constrained by the control region outside the
m4q mass window of each signal region (see Table 2), using
a procedure similar to that in the bb channel. To address
shape differences between distributions of kinematic vari-
ables in data and simulated backgrounds, two corrections
are applied to the pT of the Z boson candidates and to the
leading jet’s pT. Those corrections are derived from a control
region orthogonal to the signal region, obtained by selecting√

p2T/m24q < 0.3. This region is not used subsequently
in the likelihood fit described in Sect. 8 and therefore it is not
included in Table 2. The corrections are found to be uncorre-
lated and they are applied sequentially. The correction to the
pT Z distribution in the simulation is as large as 20% at low
pT Z values and it becomes smaller as pT Z increases, whereas
the correction to the leading jet’s pT does not exceed ±10%.
The distributions of the pT of the Z boson candidates and
of the leading jet’s pT, after the reweighting, are shown in
Fig. 5 for events satisfying all requirements for the signal
region with the exception of the m4q window cut.
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Table 2 Summary of the event
selection for signal and control
regions in the
A → ZH → WW channel
Single-electron or single-muon trigger
Exactly 2 leptons (e or μ) (pT > 15 GeV) with the leading one having pT > 30 GeV
Opposite electric charge for μμ pairs; 80 GeV < m, eμ < 100 GeV,  = e, μ
At least 4 jets (pT > 20 GeV) with leading and second leading jets having pT > 40, 30 GeV
Jets chosen with a dedicated discriminant√

p2T/m24q > 0.3
Signal region ee or μμ pair
mH − 53 GeV < m4q < 0.97 · mH + 54 GeV
Z+jets control region ee or μμ pair
m4q < mH − 53 GeV
or m4q > 0.97 · mH + 54 GeV
Top control region eμ pair
mH − 53 GeV < m4q < 0.97 · mH + 54 GeV
(a) (b)
Fig. 5 The distributions of a the pT of the Z boson candidates and
b the leading jet’s pT in the WW channel. The events are required
to satisfy all the signal region criteria with the exception of the m4q
window requirement. Data-driven corrections are applied, as described
in the text. The same conventions as in Fig. 4 are used
The top-quark background shape is taken from simulated
events. The normalisation is constrained using a high-purity
control region defined by keeping the same selection as for
the signal region, but replacing the electron or muon pairs by
opposite-flavour leptons (eμ pairs), as indicated in Table 2.
The single-top-quark, Z+jets and diboson production contri-
butions in this control region are estimated from simulation.
The diboson background shape and normalisation are taken
from the simulated samples, using the same cross-section
calculation as in the bb channel.
6 Signal modelling
This analysis searches for two new particles, with their mass
hypotheses considered in the two-dimensional space mA–
mH , with good mass resolution of the A and H reconstructed
final states. The investigation of the relevant phase space
requires a large number of signal mass hypotheses to be
tested. In addition, various new physics scenarios which are
of interest for this search, like the 2HDM, include A bosons
with natural widths comparable to, or larger than, the experi-
mental mass resolution for large parts of the parameter space
in which this search has sensitivity. The H bosons are consid-
ered to always have negligible natural width, in accordance
with the 2HDM scenarios used to interpret this search (see
Sect. 8). For these reasons, the mbb and m24q distribu-
tions can be simulated only for some (mA, mH ) points and
an interpolation using analytic functions is employed for the
rest, following a procedure similar to that used in Ref. [39].
In the cases where the natural widths of both the A and H
bosons are much smaller than the experimental mass res-
olution, the modelling of the mass distributions uses two
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Fig. 6 Signal mbb or m24q distributions assuming mA = 500 GeV
and mH = 300 GeV for the following cases: bb channel: a gluon–
gluon fusion in the nb = 2 category, b b-associated production in the
nb = 2 category, and c b-associated production in the nb ≥ 3 cate-
gory; d WW channel. In the upper panels, the black filled circles
correspond to the simulated distributions, which are compared against
the interpolated parameterised signal distributions shown as solid red
curves. Also in the same panels, the shape variations of the interpolated
parameterised signal distributions are shown in dotted blue (+1σ ) and
black (−1σ ) lines. In the lower panels, the black filled circles corre-
spond to the ratio of the simulation to the interpolated parameterised
curve. The dotted blue (black) line corresponds to the ratio of the +1σ
(−1σ ) shape variation of the interpolated curve to the interpolated curve
types of parametric functions. First, an ExpGaussExp (EGE)
function [39,121] provides a good description of gluon–
gluon fusion production of A bosons in the nb = 2 cate-
gory of the bb channel. Second, a double-Gaussian Crys-
tal Ball (DSCB) function [39,122] gives a good description
of gluon–gluon fusion production in the WW channel and
b-associated production in both the nb = 2 and nb ≥ 3
categories of the bb channel.
Both the EGE and DSCB functions have a Gaussian core
but they differ in the way the tails are treated. The tails of
the EGE function are exponential, described by two param-
eters, whereas DSCB has power-law tails described by four
extra parameters. The values of the function parameters are
extracted from unbinned maximum-likelihood fits to the sim-
ulated mbb and m24q distributions. Polynomial functions
are used to interpolate the parameters to mass points that
were not simulated. These interpolated parametric functions
are used to model the signal mass shapes for all the signal
assumptions considered in this search. The fit uncertainties
of the DSCB and EGE function parameters, as well as the
parameters of the polynomial functions used for the interpo-
lation, are used to derive a shape uncertainty for each of the
interpolated distributions.
A typical example of the result of the signal parameterisa-
tion is shown in Fig. 6 for the (mA,mH ) = (500, 300) GeV
mass point. The figure shows a comparison of the simu-
lated mass distribution and the interpolated parametric func-
tion, as well as the shape variation that is taken as an esti-
mate of the systematic uncertainty from the procedure. In
general, the cores of the mbb and m24q distributions are
well-parameterised by the chosen functional forms. There
are some small differences between the function description
and the simulated distribution in the tails of the distributions,
but those have negligible effects on the final results and they
are covered by interpolation uncertainties.
The parameterisation procedure described in the previous
paragraph is modified to allow for cases where the width of
the A boson is comparable to, or larger than, the experimen-
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tal mass resolution. This can be modelled by convolving a
modified Breit–Wigner distribution4 with the EGE or DSCB
function. This procedure is valid as long as the width of the
H boson remains narrow relative to the experimental resolu-
tion, which is the case for the 2HDM scenarios considered in
Sect. 8. Widths of up to approximately 20% of the A boson
mass are considered, which is the range relevant to the sen-
sitive parameter space of the 2HDM scenarios that are of
interest for this search.
Finally, the signal efficiencies for the interpolated mass
points are obtained through separate two-dimensional inter-
polations on the (mA,mH )plane using thin-plate splines [123].
7 Systematic uncertainties
Several sources of systematic uncertainty in the signal and
background estimates are considered, including experimen-
tal and theoretical sources. Experimental uncertainties com-
prise those in the luminosity measurement [124] (obtained
using the LUCID-2 detector [53]), trigger, object identifi-
cation, energy/momentum scale and resolution as well as
underlying-event and pile-up modelling [98,102,103,107].
These uncertainties impact the simulations of signal and
background processes.
The signal and background modelling have associated the-
oretical uncertainties. For the signal modelling, the uncer-
tainties due to the factorisation and renormalisation scale
choice, the initial- and final-state radiation treatment and the
PDF choice are considered. No additional signal modelling
uncertainties related to model-specific cross-section predic-
tions, such as the 2HDM predictions used in Sect. 8, are con-
sidered. The renormalisation and factorisation scales are var-
ied up and down separately by a factor of two, and the largest
deviation from the nominal signal is taken as the estimated
uncertainty. The uncertainties due to initial- and final-state
radiation as well as the multiple parton interaction modelling
are estimated using a subset of A14 tuning variations [60].
PDF uncertainties are computed using the prescription from
PDF4LHC15 [88], which include the envelope of three PDF
sets, namely CT14, MMHT2014 and NNPDF3.0.
Additional systematic uncertainties are assigned to cover
the differences in signal efficiencies and mbb and mWW
resolution differences between the interpolations and the sim-
ulations, as shown by the dotted blue and black lines in the
lower panels of Fig. 6.
For the background modelling, the most important sources
of systematic uncertainty are the modelling of shapes of sev-
eral kinematic distributions of Z+jets events. In the bb
channel, they arise from the shape corrections for the pT Z ,
4 The modification is the multiplication of the Breit–Wigner distribu-




p2T/mbb and mbb variables described in Sect. 5.1. An
uncertainty is estimated by comparing the corrections and the
agreement between the background prediction and the data
for various variables and among various control regions. For
each of the corrections, the applied uncertainty is half the
size of the correction in the nb = 2 category, and the full
size of the correction in the nb ≥ 3 category. In the WW
channel, the uncertainties are due to the shapes of the pT Z
and leading-jet pT distributions (Sect. 5.2). The uncertainty
is estimated similarly to that in the bb channel and is half
the size of the correction. For other background processes,
modelling uncertainties are obtained by varying the factori-
sation and renormalisation scales, and the amount of initial-
and final-state radiation.
The effect of these systematic uncertainties on the search is
studied using a signal-strength parameter μ for hypothesised
signal production (see also Sect. 8). The uncertainties found
to have the largest impact depend on the choice of (mA,mH )
signal point. Table 3 shows the relative uncertainties in the
μ value from the leading sources of systematic uncertainty
for two example mass points of gluon–gluon fusion and b-
associated production for the bb channel. The uncertainties
are evaluated using an Asimov dataset [125] generated with
the signal cross section set to the expected limits for the par-
ticular (mA,mH ) signal point, considering a narrow-width
A boson. Table 4 shows the same information for the WW
channel. The leading sources of systematic uncertainty are
similar for other mass points studied and for larger A boson
widths.
For the bb channel, the most relevant sources of sys-
tematic uncertainty are the background modelling, the signal
interpolation, and the jet energy scale and resolution. The
limited size of the simulated samples has a higher impact
at low masses, since at higher masses other sources are
more dominant. Other systematic uncertainties with non-
negligible impact include those associated with b-tagging
and theoretical errors. In the WW channel, the most rel-
evant systematic uncertainties are those related to the jet
energy scale and resolution, as expected in a channel with
four jets in the final state. The limited size of the simulated
samples, the background modelling and the signal interpola-
tion also have a non-negligible impact on the signal-strength
parameter. In both channels, the data statistical uncertainties
have lower impact at low masses compared to the systematic
uncertainties. In addition, the search sensitivity is affected at
high masses by the limited size of the data sample, an effect
which is more pronounced in the bb channel.
8 Results
The mbb and m24q distributions are expected to exhibit
a resonant structure if signal events are present, while
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Table 3 The effect of the most important sources of uncertainty on the
signal-strength parameter at two example mass points of (mA,mH ) =
(230, 130) GeV and (mA,mH ) = (700, 200) GeV in the bb channel,
for both gluon–gluon fusion and b-associated production of a narrow-
width A boson. The signal cross sections are taken to be the expected
median upper limits (see Sect. 8) and they correspond to values that
are shown next to the indicated mass points. JES and JER stand for
jet energy scale and jet energy resolution, ‘Sim. stat.’ for simulation
statistics, ‘Sig. interp.’ for signal interpolation, and ‘Bkg. model.’ for
the background modelling. ‘Theory’ refers to theoretical uncertainties
in the signal samples due to the PDF choice, factorisation and renor-
malisation scales, and initial- and final-state radiation
A → ZH → bb
Gluon–gluon fusion production b-associated production
(230, 130) GeV, 0.31 pb (700, 200) GeV, 0.017 pb (230, 130) GeV, 0.16 pb (700, 200) GeV, 0.018 pb
Source μ/μ [%] Source μ/μ [%] Source μ/μ [%] Source μ/μ [%]
Data stat. 28 Data stat. 45 Data stat. 33 Data stat. 46
Total syst. 36 Total syst. 26 Total syst. 33 Total syst. 25
Sim. stat. 19 Sim. stat. 7.2 Sim. stat. 18 Sim. stat. 7.2
Sig. interp. 9.9 Sig. interp. 8.7 Sig. interp. 13 Sig. interp 13
Bkg. model. 19 Bkg. model. 18 Bkg. model. 15 Bkg. model. 16
JES/JER 20 JES/JER 18 JES/JER 14 JES/JER 16
b-tagging 7.5 b-tagging 12 b-tagging 9.5 b-tagging 12
Theory 7.4 Theory 9.5 Theory 5.0 Theory 7.1
Table 4 The effect of the most important sources of uncertainty on the
signal-strength parameter at two example mass points of (mA,mH ) =
(500, 300) GeV and (mA,mH ) = (700, 200) GeV in the WW chan-
nel for gluon–gluon fusion production of a narrow-width A boson. The
same notation as in Table 3 is used
A → ZH → WW
Gluon–gluon fusion production
(500, 300) GeV, 0.70 pb (700, 200) GeV, 0.38 pb
Source μ/μ [%] Source μ/μ [%]
Data stat. 32 Data stat. 33
Total syst. 42 Total stat. 38
Sim. stat. 24 Sim. stat. 19
Sig. interp. 14 Sig. interp. 12
Bkg. model. 14 Bkg. model. 16
JES/JER 30 JES/JER 23
Theory 6.5 Theory 7.6
background events result in a smoothly falling spectrum.
Therefore, those are chosen as the final variables to dis-
criminate between signal and background. The shape dif-
ferences between the signal and background contribu-
tions in the mbb and m24q distributions are exploited
through binned maximum-likelihood fits of the signal-plus-
background hypotheses to extract potential signal contri-
butions. The fits are based on the statistical framework
described in Refs. [125–127]. For a given mass hypothesis
of (mA,mH ), the likelihood is constructed as the product of
Poisson probabilities for event yields in the mbb or m24q
bins:









μ × Si (mA,mH , θ) + Bi (α, θ)
))
· G(θ),
where Ni is the number of observed events, and Si (mA,mH , θ)
and Bi (α, θ) are the expected number of signal events and
estimated number of background events in bin i . The vec-
tor α represents free background normalisation scale factors
(described later) and the vector θ denotes all non-explicitly
listed parameters of the likelihood function such as nuisance
parameters associated with systematic uncertainties. System-
atic uncertainties are incorporated in the likelihood as nui-
sance parameters with either Gaussian or log-normal con-
straint terms, denoted by G(θ) in the formula above. The
parameter of interest, μ, is a multiplicative factor applied to
the expected signal rate. The mbb and m24q bin widths
are chosen according to the expected detector resolution and
taking into account the statistical uncertainty in the number
of simulated background events. The bin centres are adjusted
such that at least 65% of the test signal is contained in one
bin.
For each bin, Si is calculated from the total integrated
luminosity, the assumed cross section times branching ratio
for the signal and its selection efficiency. The sum of all back-
ground contributions in the bin, Bi , is estimated from simu-
lation, which includes the modelling corrections discussed in
Sects. 5.1 and 5.2. The number of events in the t t̄ and Z+jets
control regions is included in the likelihood calculation to
constrain their normalisation in the signal regions. This is
achieved by introducing two free normalisation scale factors
per channel, represented by α in the likelihood description
earlier in this section. In the bb channel these scale factors
apply to the t t̄ contribution and the heavy-flavour component
of the Z+jets contribution, whereas the rest of the contribu-
tions in the control region are estimated from simulation. In
the WW channel the scale factors apply to the t t̄ contri-
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Fig. 7 The mbb distribution before any mbb window cuts for the a
nb = 2 and b nb ≥ 3 categories. The signal distribution for (mA,
mH ) = (600, 300) GeV is also shown, and is normalised such that the
production cross section times the branching ratios B(A → ZH) and
B(H → bb) corresponds to 1 pb. The same conventions as in Fig. 2
are used
bution and the flavour-inclusive Z+jets contribution. Typical
values of the scale factors are close to unity with the excep-
tion of Z+jets in the bb channel, which is scaled by a factor
of 1.2, and t t̄ in the bb nb ≥ 3 category, which is typically
scaled by a factor of 1.4.
The signals that are fitted in each category are motivated
by signal efficiency considerations and the interpretation of
the search in the context of the 2HDM. In the bb channel
the following fits are performed. First, A bosons produced by
gluon–gluon fusion are considered in the nb = 2 category.
Second, a combined fit for the b-associated production mech-
anism in both the nb = 2 and nb ≥ 3 categories is performed.
Finally, there is a combination of the b-associated production
fit with the gluon–gluon fusion fit, which is interpreted in the
context of the 2HDM. In the WW channel, only A bosons
produced by gluon–gluon fusion are considered and, hence,
it is the only fit that is considered.
8.1 A → ZH → bb results
The mbb distributions from different mbb mass windows
are scanned for potential excesses beyond the background
expectations through signal-plus-background fits. The scan
is performed in steps of 10 GeV for both the mA range 230–
800 GeV and the mH range 130–700 GeV, such that mA −
mH ≥ 100 GeV. The step sizes are chosen to be compatible
with the detector resolution for mbb and mbb. In total, there
are 58 mbb windows that are probed for the nb = 2 and
nb ≥ 3 categories. The overall number of (mA, mH ) signal
hypotheses that are tested is 1711 per category.
Figure 7 shows the distribution of the H boson candi-
date mass mbb before the mbb window requirement in each
of the two categories. Typical examples of mbb distribu-
tions after the application of thembb window requirement are
shown in Fig. 8a–d. In particular, the mbb window defined
for mH = 300 GeV is shown in Fig. 8a, b for the nb = 2 and
nb ≥ 3 categories, respectively. On the same figures, a signal
distribution is shown as well, which corresponds to gluon–
gluon fusion production in Fig. 8a and b-associated produc-
tion in Fig. 8b, for the (mA,mH ) = (600, 300) GeV signal
point. Similarly, an mbb window defined for mH = 500 GeV
is shown Fig. 8c, d for the nb = 2 and nb ≥ 3 categories,
respectively. The signal distribution for the (mA,mH ) =
(670, 500) GeV signal point is also shown for gluon–gluon
fusion production in Fig. 8c and b-associated production in
Fig. 8d.
In all cases, the data are found to be well described
by the background model. The most significant excess for
the gluon–gluon fusion production signal assumption is at
the (mA,mH ) = (610, 290) GeV signal point, for which
the local (global) significance [128] is 3.1 (1.3) standard
deviations. For b-associated production, the most significant
excess is at the (mA,mH ) = (440, 220) GeV signal point,
for which the local (global) significance is 3.1 (1.3) standard
deviations. The significances are calculated for each produc-
tion process separately, ignoring the contribution from the
other.
In the absence of any statistically significant excess, the
results of the search in this channel are interpreted as upper
limits on the production cross section of an A boson decay-
ing into ZH followed by the H → bb decay, σ × B(A →
ZH) × B(H → bb). The cross-section upper limits con-
sider A bosons that are produced only by a single mecha-
nism, i.e. either gluon–gluon fusion or b-associated produc-
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(a) (b)
(c) (d)
Fig. 8 The mbb mass distribution for the mbb windows defined
for mH = 300 GeV and mH = 500 GeV for a, c the nb = 2
and b, d the nb ≥ 3 category, respectively. Signal distributions with
(mA,mH ) = (600, 300) GeV and (mA,mH ) = (670, 500) GeV are
also shown for gluon–gluon fusion production in (a, c) and b-associated
production in b, d. The number of entries shown in each bin is the num-
ber of events in that bin divided by the width of the bin. The same
conventions as in Fig. 2 are used
tion. Modified frequentist [129] 95% confidence level (CL)
upper limits on the production cross section of this process
are obtained using the asymptotic approximation [125] for
the various signal hypotheses that are tested. In particular,
expected and observed upper limits for gluon–gluon fusion
production of narrow-width A bosons in the nb = 2 cate-
gory are shown in Fig. 9a, b, respectively. For b-associated
production of narrow-width A bosons, the expected and
observed limits for the combination of the nb = 2 and
nb ≥ 3 categories are shown in Fig. 9c, d, respectively.
The upper limits for gluon–gluon fusion vary from 6.2 fb
for (mA,mH ) = (780, 129) GeV to 380 fb for (mA,mH ) =
(250, 150) GeV. This is to be compared with the correspond-
ing expected limits of 15 fb and 240 fb for these two sig-
nal hypotheses. For b-associated production the upper limit
varies from 6.8 fb for (mA,mH ) = (760, 220) GeV to 210 fb
for (mA,mH ) = (230, 130) GeV, whereas the correspond-
ing expected limits are 15 fb and 160 fb.
Upper limits are also calculated for signal assumptions
where the natural width of the A boson is large in comparison
with the experimental mass resolution, which is needed for
the interpretation of the search in the context of the 2HDM.
The cross-section upper limit decreases as the natural width
of the A boson increases. In particular, a gluon–gluon pro-
duced A boson with a natural width of 10% of its mass
has a cross-section upper limit that is reduced on average
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Fig. 9 Upper bounds at 95% CL on the production cross section times the branching ratio B(A → ZH)× B(H → bb) in pb for a, b gluon–gluon
fusion and c, d b-associated production. The expected upper limits are shown in (a) and (c) and the observed upper limits are shown in b and d
by a factor of approximately 3 from the narrow-width case.
This factor becomes approximately 4 when the natural width
increases to 20%. The A bosons from b-associated produc-
tion have worse experimental mass resolution and the dete-
rioration of the limit is on average smaller: the upper limits
are reduced by a factor of about 1.9 (2.3) for a natural width
of 10% (20%).
The results for A boson natural widths that are compara-
ble to, or larger than, the experimental mass resolution are
used for the interpretation of the search in the context of
the CP-conserving 2HDM. The 2HDM benchmark against
which the search results are compared has three free param-
eters: mA, mH and tan β. In addition, there are four ways
to assign the Yukawa couplings to fermions, defining type-I,
type-II, lepton-specific and flipped 2HDMs. The remaining
parameters are fixed. The mass of the lightest Higgs boson
in the model is fixed to 125 GeV and its couplings are set
to be the same as those of the SM Higgs boson by choosing
cos(β − α) = 0 [19], which is known as the 2HDM weak
decoupling limit. The charged Higgs boson is assumed to
have the same mass as the A boson and the potential param-
eter m212 [18] is fixed to m
2
A tan β/(1 + tan2 β).
The cross sections for A boson production in the 2HDM
are calculated using corrections at up to NNLO in QCD for
gluon–gluon fusion and b-associated production in the five-
flavour scheme as implemented in SusHi [130–133]. For
b-associated production a cross section in the four-flavour
scheme is also calculated as described in Refs. [134,135]
and the results are combined with the five-flavour scheme
calculation following Ref. [136]. The Higgs boson widths
and branching ratios are calculated using 2HDMC [137].
The procedure for the calculation of the cross sections and
branching ratios, as well as for the choice of 2HDM param-
eters, follows Ref. [63].
The interpretation of the search in the 2HDM is performed
in the (mH ,mA) plane, as shown in Fig. 10. In this plot,
colour-shaded areas indicate expected and observed exclu-
sions for various tan β values. There is one plot for each
of the four 2HDM types. For the type-I and lepton-specific
2HDMs, only gluon–gluon fusion production is relevant. The
exclusion region reaches mH  350 GeV for tan β = 1 and
the sensitivity decreases for larger tan β values. In type-I
2HDM for instance, for tan β = 10 the exclusion reaches
mH  320 GeV and mA  500 GeV. The limiting value at
mH 	 350 GeV is due to the drop of the H → bb branching
ratio, which competes with H → t t̄ at larger mH values.
The type-II and flipped 2HDMs are dominated by A bosons
from b-associated production as tan β increases, although
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Fig. 10 Observed and expected 95% CL exclusion regions for the bb channel in the (mH ,mA) plane for various tan β values for the a type-I,
b type-II, c lepton-specific and d flipped 2HDM, with cos(β − α) = 0
gluon–gluon fusion is still important for tan β ≈ 1. Like the
type-I and lepton-specific 2HDMs, the type-II and flipped
2HDMs provide similar constraints because they only differ
in the lepton Yukawa couplings. The contribution from b-
associated signal production increases the sensitivity at large
tan β values, excluding mH  650 GeV for tan β = 20. The
search sensitivity deteriorates at lower tan β values, exclud-
ing mH  350 GeV for tan β = 1.
8.2 A → ZH → WW results
The m24q distributions from different m4q mass windows
are scanned for possible excesses using a procedure similar
to the one in the bb channel. The scan is performed in steps
of 10 GeV for both the mA range 300–800 GeV and the mH
range 200–700 GeV, such that mA − mH ≥ 100 GeV. This
gives in total 51 m4q mass windows and the overall number
of (mA, mH ) signal hypotheses that are tested is 1326.
Figure 11 shows the distribution of the H boson candi-
date mass m4q before the m4q window requirement. Typ-
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Fig. 11 The m4q distribution before any m4q window cuts. The same
conventions as in Fig. 4 are used
of the m4q window requirement are shown in Fig. 12a, b,
referring to m4q windows defined for mH = 300 GeV and
mH = 500 GeV, respectively. Signal distributions corre-
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Fig. 12 The m24q mass distribution for the m4q windows defined
for a mH = 300 GeV and b mH = 500 GeV. Signal distributions
are also shown with (mA,mH ) = (600, 300) GeV and (mA,mH ) =
(670, 500) GeV. The number of entries shown in each bin is the num-
ber of events in that bin divided by the width of the bin. The same
conventions as in Fig. 4 are used
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Fig. 13 Expected (a) and observed (b) upper bounds at 95% CL on the production cross section times the branching ratio B(A → ZH)× B(H →
WW ) in pb
sponding to the (mA,mH ) = (600, 300) GeV signal point
for Fig. 12a and the (mA,mH ) = (670, 500) GeV signal
point for Fig. 12b are also shown.
In all cases, the data are found to be well described by
the background model. The most significant excess is at the
(mA,mH ) = (440, 310) GeV signal point, for which the
local (global) significance is 2.9 (0.82) standard deviations.
Using the same method as for the bb channel, con-
straints on the production of A → ZH followed by H →
WW decay are derived. The 95% CL upper limits are shown
in Fig. 13 for a narrow-width A boson produced via gluon–
gluon fusion. The upper limit varies from 0.023 pb for the
(mA,mH ) = (770, 660) GeV signal point to 8.9 pb for the
(mA,mH ) = (340, 220) GeV signal point. This is to be com-
pared with the corresponding expected limits of 0.041 pb and
3.6 pb for these two signal points. The upper limits deteri-
orate when the natural width of the A boson is comparable
to, or larger than, the experimental mass resolution. In par-
ticular, for a natural width that is 10% of mA the upper limits
decrease on average by a factor of 3. This factor becomes
approximately 5 when the natural width increases to 20%.
The sensitivity of the WW channel in the context of
the CP-conserving 2HDM was examined. The same 2HDM
calculations as in the bb channel are used and the only
differences are related to the parameter space of the model
that is probed. In particular, because only A bosons produced
by gluon–gluon fusion are studied in this search, only type-I
and lepton-specific 2HDMs are considered. In addition, the
partial width (H → WW ) vanishes when cos(β − α) = 0
and is maximal at | cos(β − α)| = 1, whereas for the partial
width (A → ZH) the opposite is true, i.e. it vanishes when
| cos(β − α)| = 1 and it is maximal when cos(β − α) = 0.
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Fig. 14 Observed and expected 95% CL exclusion regions in the (cos(β − α), mA) plane for various tan β values for a, b mH = 200 GeV and c,
d mH = 240 GeV in the context of type-I 2HDM for the WW channel
These observations imply that this channel should be most
sensitive between these two extreme values of | cos(β − α)|.
The interpretation of the observed and expected upper
limits on the cross section times branching ratio in the con-
text of the type-I and lepton-specific 2HDM scenarios show
that the WW channel has little sensitivity in regions that
are not already excluded by the 125 GeV Higgs boson cou-
pling measurements [3], an analysis that also provides sim-
ilar limits in this parameter space. In particular, for the mA
range considered in this channel, there is sensitivity up to
mH < 250 GeV and for tan β < 4. Some examples of
95% CL excluded regions in the plane defined by mA and
cos(β − α) for mH = 200 GeV and mH = 240 GeV are
shown in Fig. 14 for the type-I 2HDM. The results are very
similar for the lepton-specific 2HDM, since the only differ-
ence between the two 2HDM types is the lepton Yukawa
couplings, which only affect the total width.
9 Conclusion
Data recorded by the ATLAS experiment at the LHC, cor-
responding to an integrated luminosity of 139 fb−1 from
proton–proton collisions at a centre-of-mass energy 13 TeV,
are used to search for a heavy Higgs boson, A, decaying into
ZH , where H denotes another heavy Higgs boson with mass
mH > 125 GeV. Two final states were considered, where the
H boson decays into a pair of b-quarks or W bosons, and in
both cases the Z boson decays into a pair of electrons or
muons. In the bb channel, the A boson is assumed to be
produced via either gluon–gluon fusion or b-associated pro-
duction. In the WW channel, only gluon–gluon fusion pro-
duction is considered. No significant deviation from the SM
background predictions is observed in the ZH → bb and
ZH → WW → qqqq final states that are considered
in this search. Considering each channel and each production
process separately, upper limits are set at the 95% confidence
level for σ×B(A → ZH)×B(H → bb or H → WW ). For
bb, upper limits are set in the range 6.2–380 fb for gluon–
gluon fusion and 6.8–210 fb for b-associated production of a
narrow A boson in the mass range 230–800 GeV, assuming
the H boson is in the mass range 130–700 GeV. For WW ,
the observed upper limits are in the range 0.023–8.9 pb for
gluon–gluon fusion production of a narrow A boson in the
mass range 300–800 GeV, assuming the H boson is in the
mass range 200–700 GeV. Taking into account both produc-
tion processes, the bb search tightens the constraints on the
2HDM scenario in the case of large mass splittings between
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its heavier neutral Higgs bosons. The WW channel has not
been explored previously at the LHC, and this search explic-
itly demonstrates its potential to constrain 2HDM parameters
away from the weak decoupling limit.
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F. Filthaut119 , K. D. Finelli25 , M. C. N. Fiolhais139a,139c,a , L. Fiorini174 , F. Fischer114 , J. Fischer100 ,
W. C. Fisher107 , T. Fitschen21 , I. Fleck151 , P. Fleischmann106 , T. Flick182 , B. M. Flierl114 , L. Flores136 ,
L. R. Flores Castillo63a , F. M. Follega76a,76b , N. Fomin17 , J. H. Foo167 , G. T. Forcolin76a,76b , B. C. Forland66,
A. Formica144 , F. A. Förster14 , A. C. Forti101 , E. Fortin102, M. G. Foti134 , D. Fournier65 , H. Fox90 ,
P. Francavilla72a,72b , S. Francescato73a,73b , M. Franchini23a,23b , S. Franchino61a , D. Francis36, L. Franco5 ,
L. Franconi20 , M. Franklin59 , G. Frattari73a,73b , A. N. Fray93 , P. M. Freeman21, B. Freund110 , W. S. Freund81b ,
E. M. Freundlich47 , D. C. Frizzell128 , D. Froidevaux36 , J. A. Frost134 , M. Fujimoto126 , C. Fukunaga164 ,
E. Fullana Torregrosa174 , T. Fusayasu116, J. Fuster174 , A. Gabrielli23a,23b , A. Gabrielli36 , S. Gadatsch54 ,
P. Gadow115 , G. Gagliardi55a,55b , L. G. Gagnon110 , G. E. Gallardo134 , E. J. Gallas134 , B. J. Gallop143 ,
R. Gamboa Goni93 , K. K. Gan127 , S. Ganguly180 , J. Gao60a , Y. Gao50 , Y. S. Gao31,m , F. M. Garay Walls146a ,
C. García174 , J. E. García Navarro174 , J. A. García Pascual15a , C. Garcia-Argos52 , M. Garcia-Sciveres18 ,
R. W. Gardner37 , N. Garelli153 , S. Gargiulo52 , C. A. Garner167, V. Garonne133 , S. J. Gasiorowski148 ,
P. Gaspar81b , G. Gaudio71a , P. Gauzzi73a,73b , I. L. Gavrilenko111 , A. Gavrilyuk124 , C. Gay175 ,
G. Gaycken46 , E. N. Gazis10 , A. A. Geanta27b , C. M. Gee145 , C. N. P. Gee143 , J. Geisen97 , M. Geisen100 ,
C. Gemme55b , M. H. Genest58 , C. Geng106, S. Gentile73a,73b , S. George94 , T. Geralis44 , L. O. Gerlach53,
P. Gessinger-Befurt100 , G. Gessner47 , M. Ghasemi Bostanabad176 , M. Ghneimat151 , A. Ghosh65 , A. Ghosh78 ,
B. Giacobbe23b , S. Giagu73a,73b , N. Giangiacomi167 , P. Giannetti72a , A. Giannini70a,70b , G. Giannini14,
S. M. Gibson94 , M. Gignac145 , D. T. Gil84b , B. J. Gilbert39 , D. Gillberg34 , G. Gilles182 , N. E. K. Gillwald46 ,
D. M. Gingrich3,ak , M. P. Giordani67a,67c , P. F. Giraud144 , G. Giugliarelli67a,67c , D. Giugni69a ,
F. Giuli74a,74b , S. Gkaitatzis162 , I. Gkialas9,h , E. L. Gkougkousis14 , P. Gkountoumis10 , L. K. Gladilin113 ,
C. Glasman99 , P. C. F. Glaysher46 , A. Glazov46, G. R. Gledhill131 , I. Gnesi41b,c , M. Goblirsch-Kolb26 ,
D. Godin110, S. Goldfarb105 , T. Golling54 , D. Golubkov123 , A. Gomes139a,139b , R. Goncalves Gama53 ,
R. Gonçalo139a,139c , G. Gonella131 , L. Gonella21 , A. Gongadze80 , F. Gonnella21 , J. L. Gonski39 ,
S. González de la Hoz174 , S. Gonzalez Fernandez14 , R. Gonzalez Lopez91 , C. Gonzalez Renteria18 ,
R. Gonzalez Suarez172 , S. Gonzalez-Sevilla54 , G. R. Gonzalvo Rodriguez174 , L. Goossens36 , N. A. Gorasia21 ,
P. A. Gorbounov124 , H. A. Gordon29 , B. Gorini36 , E. Gorini68a,68b , A. Gorišek92 , A. T. Goshaw49 ,
M. I. Gostkin80 , C. A. Gottardo119 , M. Gouighri35b , A. G. Goussiou148 , N. Govender33c , C. Goy5 ,
I. Grabowska-Bold84a , E. C. Graham91 , J. Gramling171, E. Gramstad133 , S. Grancagnolo19 , M. Grandi156 ,
V. Gratchev137, P. M. Gravila27f , F. G. Gravili68a,68b , C. Gray57 , H. M. Gray18 , C. Grefe24 , K. Gregersen97 ,
I. M. Gregor46 , P. Grenier153 , K. Grevtsov46 , C. Grieco14 , N. A. Grieser128, A. A. Grillo145, K. Grimm31,l ,
S. Grinstein14,w , J.-F. Grivaz65 , S. Groh100 , E. Gross180 , J. Grosse-Knetter53 , Z. J. Grout95 ,
C. Grud106, A. Grummer118 , J. C. Grundy134 , L. Guan106 , W. Guan181 , C. Gubbels175 , J. Guenther36 ,
A. Guerguichon65 , J. G. R. Guerrero Rojas174 , F. Guescini115 , D. Guest77 , R. Gugel100 , A. Guida46 ,
123
  396 Page 26 of 36 Eur. Phys. J. C           (2021) 81:396 
T. Guillemin5 , S. Guindon36 , J. Guo60c , W. Guo106 , Y. Guo60a , Z. Guo102 , R. Gupta46 , S. Gurbuz12c ,
G. Gustavino128 , M. Guth52 , P. Gutierrez128 , L. F. Gutierrez Zagazeta136 , C. Gutschow95 , C. Guyot144 ,
C. Gwenlan134 , C. B. Gwilliam91 , E. S. Haaland133 , A. Haas125 , C. Haber18 , H. K. Hadavand8 ,
A. Hadef100 , M. Haleem177 , J. Haley129 , J. J. Hall149 , G. Halladjian107 , G. D. Hallewell102 , K. Hamano176 ,
H. Hamdaoui35f , M. Hamer24 , G. N. Hamity50 , K. Han60a , L. Han15c , L. Han60a , S. Han18 ,
Y. F. Han167 , K. Hanagaki82,u , M. Hance145 , D. M. Handl114 , M. D. Hank37 , R. Hankache135 ,
E. Hansen97 , J. B. Hansen40 , J. D. Hansen40 , M. C. Hansen24 , P. H. Hansen40 , E. C. Hanson101 ,
K. Hara169 , T. Harenberg182 , S. Harkusha108 , P. F. Harrison178, N. M. Hartman153 , N. M. Hartmann114 ,
Y. Hasegawa150 , A. Hasib50 , S. Hassani144 , S. Haug20 , R. Hauser107 , M. Havranek141 , C. M. Hawkes21 ,
R. J. Hawkings36 , S. Hayashida117 , D. Hayden107 , C. Hayes106 , R. L. Hayes175 , C. P. Hays134 , J. M. Hays93 ,
H. S. Hayward91 , S. J. Haywood143 , F. He60a , Y. He165 , M. P. Heath50 , V. Hedberg97 , A. L. Heggelund133 ,
N. D. Hehir93 , C. Heidegger52 , K. K. Heidegger52 , W. D. Heidorn79 , J. Heilman34 , S. Heim46 , T. Heim18 ,
B. Heinemann46,ai , J. G. Heinlein136 , J. J. Heinrich131 , L. Heinrich36 , J. Hejbal140 , L. Helary46 , A. Held125 ,
S. Hellesund133 , C. M. Helling145 , S. Hellman45a,45b , C. Helsens36 , R. C. W. Henderson90, L. Henkelmann32 ,
A. M. Henriques Correia36, H. Herde26 , Y. Hernández Jiménez33e , H. Herr100, M. G. Herrmann114 ,
T. Herrmann48 , G. Herten52 , R. Hertenberger114 , L. Hervas36 , G. G. Hesketh95 , N. P. Hessey168a ,
H. Hibi83 , S. Higashino82 , E. Higón-Rodriguez174 , K. Hildebrand37, J. C. Hill32 , K. K. Hill29 , K. H. Hiller46,
S. J. Hillier21 , M. Hils48 , I. Hinchliffe18 , F. Hinterkeuser24 , M. Hirose132 , S. Hirose169 , D. Hirschbuehl182 ,
B. Hiti92 , O. Hladik140, J. Hobbs155 , R. Hobincu27e , N. Hod180 , M. C. Hodgkinson149 , A. Hoecker36 ,
D. Hohn52 , D. Hohov65, T. Holm24 , T. R. Holmes37 , M. Holzbock115 , L. B. A. H. Hommels32 ,
T. M. Hong138 , J. C. Honig52 , A. Hönle115 , B. H. Hooberman173 , W. H. Hopkins6 , Y. Horii117 , P. Horn48 ,
L. A. Horyn37 , S. Hou158 , A. Hoummada35a, J. Howarth57 , J. Hoya89 , M. Hrabovsky130 , J. Hrivnac65,
A. Hrynevich109 , T. Hryn’ova5 , P. J. Hsu64 , S.-C. Hsu148 , Q. Hu39 , S. Hu60c , Y. F. Hu15a,15d,am ,
D. P. Huang95 , X. Huang15c , Y. Huang60a , Y. Huang15a , Z. Hubacek141 , F. Hubaut102 , M. Huebner24 ,
F. Huegging24 , T. B. Huffman134 , M. Huhtinen36 , R. Hulsken58 , R. F. H. Hunter34 , N. Huseynov80,ab ,
J. Huston107 , J. Huth59 , R. Hyneman153 , S. Hyrych28a , G. Iacobucci54 , G. Iakovidis29 , I. Ibragimov151 ,
L. Iconomidou-Fayard65 , P. Iengo36 , R. Ignazzi40, R. Iguchi163 , T. Iizawa54 , Y. Ikegami82 , M. Ikeno82 ,
N. Ilic119,167,aa, F. Iltzsche48, H. Imam35a , G. Introzzi71a,71b , M. Iodice75a , K. Iordanidou168a , V. Ippolito73a,73b ,
M. F. Isacson172 , M. Ishino163 , W. Islam129 , C. Issever19,46 , S. Istin12c , J. M. Iturbe Ponce63a ,
R. Iuppa76a,76b , A. Ivina180 , J. M. Izen43 , V. Izzo70a , P. Jacka140 , P. Jackson1 , R. M. Jacobs46 ,
B. P. Jaeger152 , V. Jain2 , G. Jäkel182 , K. B. Jakobi100, K. Jakobs52 , T. Jakoubek180 , J. Jamieson57 ,
K. W. Janas84a , R. Jansky54 , M. Janus53 , P. A. Janus84a , G. Jarlskog97 , A. E. Jaspan91 , N. Javadov80,ab,
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L. Živković16 , G. Zobernig181 , A. Zoccoli23a,23b , K. Zoch53 , T. G. Zorbas149 , R. Zou37 , L. Zwalinski36
1 Department of Physics, University of Adelaide, Adelaide, Australia
2 Physics Department, SUNY Albany, Albany, NY, USA
3 Department of Physics, University of Alberta, Edmonton, AB, Canada
4 (a)Department of Physics, Ankara University, Ankara, Turkey; (b)Application and Research Center for Advanced
Studies, Istanbul Aydin University, Istanbul, Turkey; (c)Division of Physics, TOBB University of Economics and
Technology, Ankara, Turkey
5 LAPP, Université Grenoble Alpes, Université Savoie Mont Blanc, CNRS/IN2P3, Annecy, France
6 High Energy Physics Division, Argonne National Laboratory, Argonne, IL, USA
7 Department of Physics, University of Arizona, Tucson, AZ, USA
8 Department of Physics, University of Texas at Arlington, Arlington, TX, USA
9 Physics Department, National and Kapodistrian University of Athens, Athens, Greece
10 Physics Department, National Technical University of Athens, Zografou, Greece
11 Department of Physics, University of Texas at Austin, Austin, TX, USA
123
  396 Page 32 of 36 Eur. Phys. J. C           (2021) 81:396 
12 (a)Bahcesehir University, Faculty of Engineering and Natural Sciences, Istanbul, Turkey; (b)Istanbul Bilgi University,
Faculty of Engineering and Natural Sciences, Istanbul, Turkey; (c)Department of Physics, Bogazici University, Istanbul,
Turkey; (d)Department of Physics Engineering, Gaziantep University, Gaziantep, Turkey
13 Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan
14 Institut de Física d’Altes Energies (IFAE), Barcelona Institute of Science and Technology, Barcelona, Spain
15 (a)Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China; (b)Physics Department, Tsinghua
University, Beijing, China; (c)Department of Physics, Nanjing University, Nanjing, China; (d)University of Chinese
Academy of Science (UCAS), Beijing, China
16 Institute of Physics, University of Belgrade, Belgrade, Serbia
17 Department for Physics and Technology, University of Bergen, Bergen, Norway
18 Physics Division, Lawrence Berkeley National Laboratory and University of California, Berkeley, CA, USA
19 Institut für Physik, Humboldt Universität zu Berlin, Berlin, Germany
20 Albert Einstein Center for Fundamental Physics and Laboratory for High Energy Physics, University of Bern, Bern,
Switzerland
21 School of Physics and Astronomy, University of Birmingham, Birmingham, UK
22 (a)Facultad de Ciencias y Centro de Investigaciónes, Universidad Antonio Nariño, Bogotá, Colombia; (b)Departamento
de Física, Universidad Nacional de Colombia, Bogotá, Colombia
23 (a)Dipartimento di Fisica, INFN Bologna, Universita’ di Bologna, Bologna, Italy; (b)INFN Sezione di Bologna, Bologna,
Italy
24 Physikalisches Institut, Universität Bonn, Bonn, Germany
25 Department of Physics, Boston University, Boston, MA, USA
26 Department of Physics, Brandeis University, Waltham, MA, USA
27 (a)Transilvania University of Brasov, Brasov, Romania; (b)Horia Hulubei National Institute of Physics and Nuclear
Engineering, Bucharest, Romania; (c)Department of Physics, Alexandru Ioan Cuza University of Iasi, Iasi,
Romania; (d)Physics Department, National Institute for Research and Development of Isotopic and Molecular
Technologies, Cluj-Napoca, Romania; (e)University Politehnica Bucharest, Bucharest, Romania; (f)West University in
Timisoara, Timisoara, Romania
28 (a)Faculty of Mathematics, Physics and Informatics, Comenius University, Bratislava, Slovak Republic; (b)Department of
Subnuclear Physics, Institute of Experimental Physics of the Slovak Academy of Sciences, Kosice, Slovak Republic
29 Physics Department, Brookhaven National Laboratory, Upton, NY, USA
30 Departamento de Física, Universidad de Buenos Aires, Buenos Aires, Argentina
31 California State University, Long Beach, CA, USA
32 Cavendish Laboratory, University of Cambridge, Cambridge, UK
33 (a)Department of Physics, University of Cape Town, Cape Town, South Africa; (b)iThemba Labs, Western Cape, South
Africa; (c)Department of Mechanical Engineering Science, University of Johannesburg, Johannesburg,
South Africa; (d)University of South Africa, Department of Physics, Pretoria, South Africa; (e)School of Physics,
University of the Witwatersrand, Johannesburg, South Africa
34 Department of Physics, Carleton University, Ottawa, ON, Canada
35 (a)Faculté des Sciences Ain Chock, Réseau Universitaire de Physique des Hautes Energies-Université Hassan II,
Casablanca, Morocco; (b)Faculté des Sciences, Université Ibn-Tofail, Kénitra, Morocco; (c)Faculté des Sciences
Semlalia, Université Cadi Ayyad, LPHEA, Marrakech, Morocco; (d)Moroccan Foundation for Advanced Science
Innovation and Research (MAScIR), Rabat, Morocco; (e)LPMR, Faculté des Sciences, Université Mohamed Premier,
Oujda, Morocco; (f)Faculté des sciences, Université Mohammed V, Rabat, Morocco
36 CERN, Geneva, Switzerland
37 Enrico Fermi Institute, University of Chicago, Chicago, IL, USA
38 LPC, Université Clermont Auvergne, CNRS/IN2P3, Clermont-Ferrand, France
39 Nevis Laboratory, Columbia University, Irvington, NY, USA
40 Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark
41 (a)Dipartimento di Fisica, Università della Calabria, Rende, Italy; (b)Laboratori Nazionali di Frascati, INFN Gruppo
Collegato di Cosenza, Rende, Italy
42 Physics Department, Southern Methodist University, Dallas, TX, USA
43 Physics Department, University of Texas at Dallas, Richardson, TX, USA
44 National Centre for Scientific Research “Demokritos”, Agia Paraskevi, Greece
123
Eur. Phys. J. C           (2021) 81:396 Page 33 of 36   396 
45 (a)Department of Physics, Stockholm University, Stockholm, Sweden; (b)Oskar Klein Centre, Stockholm, Sweden
46 Deutsches Elektronen-Synchrotron DESY, Hamburg and Zeuthen, Germany
47 Lehrstuhl für Experimentelle Physik IV, Technische Universität Dortmund, Dortmund, Germany
48 Institut für Kern- und Teilchenphysik, Technische Universität Dresden, Dresden, Germany
49 Department of Physics, Duke University, Durham, NC, USA
50 SUPA-School of Physics and Astronomy, University of Edinburgh, Edinburgh, UK
51 INFN e Laboratori Nazionali di Frascati, Frascati, Italy
52 Physikalisches Institut, Albert-Ludwigs-Universität Freiburg, Freiburg, Germany
53 II. Physikalisches Institut, Georg-August-Universität Göttingen, Göttingen, Germany
54 Département de Physique Nucléaire et Corpusculaire, Université de Genève, Geneva, Switzerland
55 (a)Dipartimento di Fisica, Università di Genova, Genoa, Italy; (b)INFN Sezione di Genova, Genoa, Italy
56 II. Physikalisches Institut, Justus-Liebig-Universität Giessen, Giessen, Germany
57 SUPA-School of Physics and Astronomy, University of Glasgow, Glasgow, UK
58 LPSC, Université Grenoble Alpes, CNRS/IN2P3, Grenoble INP, Grenoble, France
59 Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge, MA, USA
60 (a)Department of Modern Physics and State Key Laboratory of Particle Detection and Electronics, University of Science
and Technology of China, Hefei, China; (b)Institute of Frontier and Interdisciplinary Science and Key Laboratory of
Particle Physics and Particle Irradiation (MOE), Shandong University, Qingdao, China; (c)School of Physics and
Astronomy, Key Laboratory for Particle Astrophysics and Cosmology (MOE), SKLPPC, Shanghai Jiao Tong University,
Shanghai, China; (d)Tsung-Dao Lee Institute, Shanghai, China
61 (a)Kirchhoff-Institut für Physik, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany; (b)Physikalisches Institut,
Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany
62 Faculty of Applied Information Science, Hiroshima Institute of Technology, Hiroshima, Japan
63 (a)Department of Physics, Chinese University of Hong Kong, Shatin, N.T., Hong Kong; (b)Department of Physics,
University of Hong Kong, Pok Fu Lam, Hong Kong; (c)Department of Physics and Institute for Advanced Study, Hong
Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong, China
64 Department of Physics, National Tsing Hua University, Hsinchu, Taiwan
65 IJCLab, Université Paris-Saclay, CNRS/IN2P3, 91405, Orsay, France
66 Department of Physics, Indiana University, Bloomington, IN, USA
67 (a)INFN Gruppo Collegato di Udine, Sezione di Trieste, Udine, Italy; (b)ICTP, Trieste, Italy; (c)Dipartimento Politecnico
di Ingegneria e Architettura, Università di Udine, Udine, Italy
68 (a)INFN Sezione di Lecce, Lecce, Italy; (b)Dipartimento di Matematica e Fisica, Università del Salento, Lecce, Italy
69 (a)INFN Sezione di Milano, Milan, Italy; (b)Dipartimento di Fisica, Università di Milano, Milan, Italy
70 (a)INFN Sezione di Napoli, Naples, Italy; (b)Dipartimento di Fisica, Università di Napoli, Naples, Italy
71 (a)INFN Sezione di Pavia, Pavia, Italy; (b)Dipartimento di Fisica, Università di Pavia, Pavia, Italy
72 (a)INFN Sezione di Pisa, Pisa, Italy; (b)Dipartimento di Fisica E. Fermi, Università di Pisa, Pisa, Italy
73 (a)INFN Sezione di Roma, Rome, Italy; (b)Dipartimento di Fisica, Sapienza Università di Roma, Rome, Italy
74 (a)INFN Sezione di Roma Tor Vergata, Rome, Italy; (b)Dipartimento di Fisica, Università di Roma Tor Vergata, Rome,
Italy
75 (a)INFN Sezione di Roma Tre, Rome, Italy; (b)Dipartimento di Matematica e Fisica, Università Roma Tre, Rome, Italy
76 (a)INFN-TIFPA, Trento, Italy; (b)Università degli Studi di Trento, Trento, Italy
77 Institut für Astro- und Teilchenphysik, Leopold-Franzens-Universität, Innsbruck, Austria
78 University of Iowa, Iowa City, IA, USA
79 Department of Physics and Astronomy, Iowa State University, Ames, IA, USA
80 Joint Institute for Nuclear Research, Dubna, Russia
81 (a)Departamento de Engenharia Elétrica, Universidade Federal de Juiz de Fora (UFJF), Juiz de Fora,
Brazil; (b)Universidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro, Brazil; (c)Instituto de Física,
Universidade de São Paulo, São Paulo, Brazil
82 KEK, High Energy Accelerator Research Organization, Tsukuba, Japan
83 Graduate School of Science, Kobe University, Kobe, Japan
84 (a)AGH University of Science and Technology, Faculty of Physics and Applied Computer Science, Kraków, Poland
; (b)Marian Smoluchowski Institute of Physics, Jagiellonian University, Kraków, Poland
85 Institute of Nuclear Physics Polish Academy of Sciences, Kraków, Poland
123
  396 Page 34 of 36 Eur. Phys. J. C           (2021) 81:396 
86 Faculty of Science, Kyoto University, Kyoto, Japan
87 Kyoto University of Education, Kyoto, Japan
88 Research Center for Advanced Particle Physics and Department of Physics, Kyushu University, Fukuoka , Japan
89 Instituto de Física La Plata, Universidad Nacional de La Plata and CONICET, La Plata, Argentina
90 Physics Department, Lancaster University, Lancaster, UK
91 Oliver Lodge Laboratory, University of Liverpool, Liverpool, UK
92 Department of Experimental Particle Physics, Jožef Stefan Institute and Department of Physics, University of Ljubljana,
Ljubljana, Slovenia
93 School of Physics and Astronomy, Queen Mary University of London, London, UK
94 Department of Physics, Royal Holloway University of London, Egham, UK
95 Department of Physics and Astronomy, University College London, London, UK
96 Louisiana Tech University, Ruston, LA, USA
97 Fysiska institutionen, Lunds universitet, Lund, Sweden
98 Centre de Calcul de l’Institut National de Physique Nucléaire et de Physique des Particules (IN2P3), Villeurbanne,
France
99 Departamento de Física Teorica C-15 and CIAFF, Universidad Autónoma de Madrid, Madrid, Spain
100 Institut für Physik, Universität Mainz, Mainz, Germany
101 School of Physics and Astronomy, University of Manchester, Manchester, UK
102 CPPM, Aix-Marseille Université, CNRS/IN2P3, Marseille, France
103 Department of Physics, University of Massachusetts, Amherst, MA, USA
104 Department of Physics, McGill University, Montreal, QC, Canada
105 School of Physics, University of Melbourne, Victoria, Australia
106 Department of Physics, University of Michigan, Ann Arbor, MI, USA
107 Department of Physics and Astronomy, Michigan State University, East Lansing, MI, USA
108 B.I. Stepanov Institute of Physics, National Academy of Sciences of Belarus, Minsk, Belarus
109 Research Institute for Nuclear Problems of Byelorussian State University, Minsk, Belarus
110 Group of Particle Physics, University of Montreal, Montreal, QC, Canada
111 P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia
112 National Research Nuclear University MEPhI, Moscow, Russia
113 D.V. Skobeltsyn Institute of Nuclear Physics, M.V. Lomonosov Moscow State University, Moscow, Russia
114 Fakultät für Physik, Ludwig-Maximilians-Universität München, Munich, Germany
115 Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), Munich, Germany
116 Nagasaki Institute of Applied Science, Nagasaki, Japan
117 Graduate School of Science and Kobayashi-Maskawa Institute, Nagoya University, Nagoya, Japan
118 Department of Physics and Astronomy, University of New Mexico, Albuquerque, NM, USA
119 Institute for Mathematics, Astrophysics and Particle Physics, Radboud University/Nikhef, Nijmegen, The Netherlands
120 Nikhef National Institute for Subatomic Physics and University of Amsterdam, Amsterdam, The Netherlands
121 Department of Physics, Northern Illinois University, DeKalb, IL, USA
122 (a)Budker Institute of Nuclear Physics and NSU, SB RAS, Novosibirsk, Russia; (b)Novosibirsk State University
Novosibirsk, Novosibirsk, Russia
123 Institute for High Energy Physics of the National Research Centre Kurchatov Institute, Protvino, Russia
124 Institute for Theoretical and Experimental Physics named by A.I. Alikhanov of National Research Centre “Kurchatov
Institute”, Moscow, Russia
125 Department of Physics, New York University, New York, NY, USA
126 Ochanomizu University, Otsuka, Bunkyo-ku, Tokyo, Japan
127 Ohio State University, Columbus, OH, USA
128 Homer L. Dodge Department of Physics and Astronomy, University of Oklahoma, Norman, OK, USA
129 Department of Physics, Oklahoma State University, Stillwater, OK, USA
130 Palacký University, RCPTM, Joint Laboratory of Optics, Olomouc, Czech Republic
131 Institute for Fundamental Science, University of Oregon, Eugene, OR, USA
132 Graduate School of Science, Osaka University, Osaka, Japan
133 Department of Physics, University of Oslo, Oslo, Norway
134 Department of Physics, Oxford University, Oxford, UK
123
Eur. Phys. J. C           (2021) 81:396 Page 35 of 36   396 
135 LPNHE, Sorbonne Université, Université de Paris, CNRS/IN2P3, Paris, France
136 Department of Physics, University of Pennsylvania, Philadelphia, PA, USA
137 Konstantinov Nuclear Physics Institute of National Research Centre “Kurchatov Institute”, PNPI, St. Petersburg, Russia
138 Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, PA, USA
139 (a)Laboratório de Instrumentação e Física Experimental de Partículas-LIP, Lisbon, Portugal; (b)Departamento de Física,
Faculdade de Ciências, Universidade de Lisboa, Lisbon, Portugal; (c)Departamento de Física, Universidade de Coimbra,
Coimbra, Portugal; (d)Centro de Física Nuclear da Universidade de Lisboa, Lisbon, Portugal; (e)Departamento de Física,
Universidade do Minho, Braga, Portugal; (f)Departamento de Física Teórica y del Cosmos, Universidad de Granada,
Granada, Spain; (g)Dep Física and CEFITEC of Faculdade de Ciências e Tecnologia, Universidade Nova de Lisboa,
Caparica, Portugal; (h)Instituto Superior Técnico, Universidade de Lisboa, Lisbon, Portugal
140 Institute of Physics of the Czech Academy of Sciences, Prague, Czech Republic
141 Czech Technical University in Prague, Prague, Czech Republic
142 Charles University, Faculty of Mathematics and Physics, Prague, Czech Republic
143 Particle Physics Department, Rutherford Appleton Laboratory, Didcot, UK
144 IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France
145 Santa Cruz Institute for Particle Physics, University of California Santa Cruz, Santa Cruz, CA, USA
146 (a)Departamento de Física, Pontificia Universidad Católica de Chile, Santiago, Chile; (b)Universidad Andres Bello,
Department of Physics, Santiago, Chile; (c)Instituto de Alta Investigación, Universidad de Tarapacá, Santiago, Chile; (d)
Departamento de Física, Universidad Técnica Federico Santa María, Valparaíso, Chile
147 Universidade Federal de São João del Rei (UFSJ), São João del Rei, Brazil
148 Department of Physics, University of Washington, Seattle, WA, USA
149 Department of Physics and Astronomy, University of Sheffield, Sheffield, UK
150 Department of Physics, Shinshu University, Nagano, Japan
151 Department Physik, Universität Siegen, Siegen, Germany
152 Department of Physics, Simon Fraser University, Burnaby, BC, Canada
153 SLAC National Accelerator Laboratory, Stanford, CA, USA
154 Physics Department, Royal Institute of Technology, Stockholm, Sweden
155 Departments of Physics and Astronomy, Stony Brook University, Stony Brook, NY, USA
156 Department of Physics and Astronomy, University of Sussex, Brighton, UK
157 School of Physics, University of Sydney, Sydney, Australia
158 Institute of Physics, Academia Sinica, Taipei, Taiwan
159 (a)E. Andronikashvili Institute of Physics, Iv. Javakhishvili Tbilisi State University, Tbilisi, Georgia; (b)High Energy
Physics Institute, Tbilisi State University, Tbilisi, Georgia
160 Department of Physics, Technion, Israel Institute of Technology, Haifa, Israel
161 Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv, Israel
162 Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece
163 International Center for Elementary Particle Physics and Department of Physics, University of Tokyo, Tokyo, Japan
164 Graduate School of Science and Technology, Tokyo Metropolitan University, Tokyo, Japan
165 Department of Physics, Tokyo Institute of Technology, Tokyo, Japan
166 Tomsk State University, Tomsk, Russia
167 Department of Physics, University of Toronto, Toronto, ON, Canada
168 (a)TRIUMF, Vancouver, BC, Canada; (b)Department of Physics and Astronomy, York University, Toronto, ON, Canada
169 Division of Physics and Tomonaga Center for the History of the Universe, Faculty of Pure and Applied Sciences,
University of Tsukuba, Tsukuba, Japan
170 Department of Physics and Astronomy, Tufts University, Medford, MA, USA
171 Department of Physics and Astronomy, University of California Irvine, Irvine, CA, USA
172 Department of Physics and Astronomy, University of Uppsala, Uppsala, Sweden
173 Department of Physics, University of Illinois, Urbana, IL, USA
174 Instituto de Física Corpuscular (IFIC), Centro Mixto Universidad de Valencia - CSIC, Valencia, Spain
175 Department of Physics, University of British Columbia, Vancouver, BC, Canada
176 Department of Physics and Astronomy, University of Victoria, Victoria, BC, Canada
177 Fakultät für Physik und Astronomie, Julius-Maximilians-Universität Würzburg, Würzburg, Germany
178 Department of Physics, University of Warwick, Coventry, UK
123
  396 Page 36 of 36 Eur. Phys. J. C           (2021) 81:396 
179 Waseda University, Tokyo, Japan
180 Department of Particle Physics and Astrophysics, Weizmann Institute of Science, Rehovot, Israel
181 Department of Physics, University of Wisconsin, Madison, WI, USA
182 Fakultät für Mathematik und Naturwissenschaften, Fachgruppe Physik, Bergische Universität Wuppertal, Wuppertal,
Germany
183 Department of Physics, Yale University, New Haven, CT, USA
a Also at Borough of Manhattan Community College, City University of New York, New York, NY, USA
b Also at Center for High Energy Physics, Peking University, China
c Also at Centro Studi e Ricerche Enrico Fermi, Rome, Italy
d Also at CERN, Geneva, Switzerland
e Also at CPPM, Aix-Marseille Université, CNRS/IN2P3, Marseille, France
f Also at Département de Physique Nucléaire et Corpusculaire, Université de Genève, Geneva, Switzerland
g Also at Departament de Fisica de la Universitat Autonoma de Barcelona, Barcelona, Spain
h Also at Department of Financial and Management Engineering, University of the Aegean, Chios, Greece
i Also at Department of Physics and Astronomy, Michigan State University, East Lansing, MI, USA
j Also at Department of Physics and Astronomy, University of Louisville, Louisville, KY, USA
k Also at Department of Physics, Ben Gurion University of the Negev, Beer Sheva, Israel
l Also at Department of Physics, California State University, East Bay, USA
m Also at Department of Physics, California State University, Fresno, USA
n Also at Department of Physics, California State University, Sacramento, USA
o Also at Department of Physics, King’s College London, London, UK
p Also at Department of Physics, St. Petersburg State Polytechnical University, St. Petersburg, Russia
q Also at Department of Physics, University of Fribourg, Fribourg, Switzerland
r Also at Dipartimento di Matematica, Informatica e Fisica, Università di Udine, Udine, Italy
s Also at Faculty of Physics, M.V. Lomonosov Moscow State University, Moscow, Russia
t Also at Giresun University, Faculty of Engineering, Giresun, Turkey
u Also at Graduate School of Science, Osaka University, Osaka, Japan
v Also at Hellenic Open University, Patras, Greece
w Also at Institucio Catalana de Recerca i Estudis Avancats, ICREA, Barcelona, Spain
x Also at Institut für Experimentalphysik, Universität Hamburg, Hamburg, Germany
y Also at Institute for Nuclear Research and Nuclear Energy (INRNE) of the Bulgarian Academy of Sciences, Sofia,
Bulgaria
z Also at Institute for Particle and Nuclear Physics, Wigner Research Centre for Physics, Budapest, Hungary
aa Also at Institute of Particle Physics (IPP), Montreal, Canada
ab Also at Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan
ac Also at Instituto de Fisica Teorica, IFT-UAM/CSIC, Madrid, Spain
ad Also at Istanbul University, Dept. of Physics, Istanbul, Turkey
ae Also at Joint Institute for Nuclear Research, Dubna, Russia
af Also at Moscow Institute of Physics and Technology State University, Dolgoprudny, Russia
ag Also at National Research Nuclear University MEPhI, Moscow, Russia
ah Also at Physics Department, An-Najah National University, Nablus, Palestine
ai Also at Physikalisches Institut, Albert-Ludwigs-Universität Freiburg, Freiburg, Germany
aj Also at The City College of New York, New York, NY, USA
ak Also at TRIUMF, Vancouver, BC, Canada
al Also at Universita di Napoli Parthenope, Napoli, Italy
am Also at University of Chinese Academy of Sciences (UCAS), Beijing, China
∗Deceased
123
